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The CERN-n_TOF facility

* Proton beam (Momentum of 20 GeV/c).

* EAR1 at 182.5 m from the source.

* Wide neutron spectrum from meV to GeV.
* En resolution of AE/E =5.3-103at 1 MeV.

Experimental
Area

The Parallel Plate Avalanche Counters (PPAC)
* The central anode has a very fast signal ° The two segmented cathodes have Al strips

response (time resolution ~500 ps) being used Cconnected to a delay line used to reconstruct the
to calculate the cross sections. position of the FF hit.

Detectors (10) & targets (9)
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ezpa] [ore FFAD at En <300 MeV (%)

« The detection efficiency has been obtained from the cosine distributions at En < 1keV where the
235U(n,f) and 234U(n,f) FFAD are isotropic.

- The FFAD up to 300 MeV has been obtained experimentally dividing the cosine distributions by
the detection efficiency at each energy interval assuming that it is constant with the energy.

- The cosine distributions have been parametrized by a sum of even Legendre polynomials in cos8
up to 4th order to calculate the coefficients (AL).

W(60)=A, {1+ LmiALPL(COSH)}

L=2

- The anisotropy parameter (A) provides a simplified description of the anisotropies with the energy
and it has been calculated using the coefficients (AL).

W(0°)  1+A,+A,

W(9OO) 1_1A2+§A4
2 8

A=
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Anisotropy parameter - 234U(n,f)

- The present data have better
resolution in energy than previous
data measured with a monoenergetic
neutron beam.

« The tilted setup permits to measure
from 0°-90° obtaining more precise
FFAD than previous experimental data
which measured a limited angular
range.

- There are not 234U(n,f) experimental
data in EXFOR above 15MeV.

 In this work the third-chance is
resolved for the first time.

- The anisotropy parameter is
provided for the first time in a wide
energy region up to 300 MeV.

Esther Leal Cidoncha, FIESTA2017. Santa Fe, September, 2017.

Fission Fragment Angular Distributions

FFAD at En, < 300 MeV (*)
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Anisotropy parameter - 235U(n;,f)

= Present work

. . . —~ 1.8 e Simmons (1960)
The =%5U(n,f) anisotropy parameter is & » Meadows (1982)

provided in a wide energy regionupto @ 1.7 Nesterov (1966)

300 MeV. o Leachman (1965)
s 1.6 * Androsenko (1985)

o Leong (2014)

. Only three available data sets © 1.5
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2P [esspa FFAD at En > 300 MeV

Above 300 MeV the pile-up and noise effects in the cathode signals avoid a good reconstruction
of the FF trajectories.

The Anisotropy parameter has been linearly extrapolated to the value of 1 at 1GeV.

234U(n, ): 235U(n,f):

0.2: Ll Ll Lol Lo O L L 11y T L ey
10" 1 10 102 10° 10" 1 10 10° 10°

E_(MeV) E. (MeV)
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Fission Fragment Angular Distributions NTOE
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2P [esspa FFAD at En > 300 MeV

Above 300 MeV the pile-up and noise effects in the cathode signals avoid a good reconstruction
of the FF trajectories.

The Anisotropy parameter has been linearly extrapolated to the value of 1 at 1GeV.

The AD have been reconstructed using the Legendre polynomials up to order 2:

—
A 0
W(cost) = Ao [ I+ — (3cost” - 1)] where: o) _ m
2 w0  1-La,
2

234U(n,f): 235(n,f):
316.23 < E, (MeV) < 398.11 316.23 < E, (MeV) < 398.11
5\1.085 6\1'085
5’31.07; C’1 07F
1.06E =1.06F
%1.05; ’%1 052—
;1 042 ;1 04;
1.03f 1.03E
1.02¢ 1.02¢
1.01F 1.01E
it iE
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098 0.1020304 0506070809 1 0907050304 0506070800 1
coso Ccoso
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ssopg] o Efficiency correction factor

The efficiency correction factor, required to calculate the cross section, depends on the
anisotropy of the emitted FF.

This factor (fe) is calculated as:

['W(6) - £(0) - d(cost)
J(En)o=

[W(®) - d(cost)

234(n,f): 235U (n,f):
“ 0.5[ = 049
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044:_ T —————— sl T L 046: ] E————— R —_—
10° 10’ 10® 10° 10° 10’ 10° 10°
E. (eV) E. (eV)

Esther Leal Cidoncha, FIESTA2017. Santa Fe, September, 2017.




236Np 237N . ] ]
| Fission cross section ATOE U

234 235 236
Analysis at En < 100 keV
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The fission count rate, defined as the number of detected fission events per unit of energy is:

C(En)t = o(En)t - N - f(En)s - ®(En)

* Neutron flux distribution:

- During the 2012 campaign the neutron flux was measured through the 10B(n,q)
reaction up to 10 keV using a MGAS chamber [1] running in parallel with the PPAC.

- The neutron flux measured in 2011 [2] has been used above this energy.

* The 234U(n,f) cross section
The 234U(n,f) cross section has been calculated assuming that all the targets receive the same
neutron flux.

As the neutron flux received by the target during the measurement is not known, the neutron
flux distribution has been properly normalised using the 23°U(n,f) reaction in the IAEA

secondary standard energy region (7.8,11) eV.
C(En)5 C(En)

Eo s = o= Va4 = z
O(Enls 5-f(En)5 > OfEn)e  O(Eq) N f{En)s

The 235U(n,f) cross section results are presented in [3].

[1] M. Sabaté-Gilarte (internal communication). [2] M. Barbagallo et al., Eur. Phys. J. A 49:156 (2013).

[3] E. Leal-Cidoncha et al., EPJ Web of Conferences 146, 04057 (2017).

Esther Leal Cidoncha, FIESTA2017. Santa Fe, September, 2017.
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Resonance Region

- Resolved Resonance Region (RRR)
- Discrepancies found between the evaluations

oo Present work
. I ' a...a Paradela (2010)

Heyse (2007)
=--a James (1977)

in energy and in the number of evaluated v
resonances. s
- ENDF/B-VII.1 and JENDL-4.0 are based on +
the experimental data of James and this last g
one in the data of Heyse of the first resonance '
located at ~5.17 eV. !, i !
e B B B B . 2 _,Bl; g A
T ol Sasmassmedentll  Fioeand® 85 ¥
570 580

U8 49 5 51 52 53 54 55

E. (eV)
* The present data have a better resolution than
the experimental data from James and Heyse,
being in close agreement with the previous

n_TOF data from Paradela. E_(eV)

N IR T RPN T NI B gﬁ.l.l.l.l.
o
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236Np 237Np

DE SANTIAGO
DE COMPOSTELA

L. . UNe®
Fission cross section ATOF

234 235 236

234U(n,f) results at En < 100 keV
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- Two resonances have been obtained in this — =+ Presentwork
work in the keV region which are evaluated in = | © 06 key A Elarade(lezl 0(5%10)
. ~ : eyse
ENDF/B-VI.1 and not in JENDL-4.0 at ~1.09 © .| v o= James (1977)
keV and ~1.134 keV. I ENDF/B-VII.1
— JENDL-4.0
2.5 . — A -4 Present work/Paradela 06 n
o+ -0 Present work/ENDF/B-VII.1 - 1.134 keV -
. P~_ & —9% Present work/JENDL-4.0 4 E a
2F-—-- ;P%\ ———————— ,Ji—“:\—*'5::::;“——“::“::9— 0. l
SN/ T - 1
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E. (eV) N . i
- Unresolved Resonance Region (URR) 0.8 ; 13 keV -
- Some resonances are found in the 06l 45keV # l i
experimental data in the URR, where the Tl 16 keV |
evaluations provide an average value of the 0.4 l H _
cross section. . ]
0.2} ¥ —
- This is the case of the resonances found in |, .:- 1

the 10 keV region corresponding to Class-II oL T V) e i AL
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n
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. The 234U(n,f) Cross SeCtion haS been32.5 T T TITTT] T T T TTTI |23; T 1T 1 |.|||||

calculated relative to the 235U(n,f) cross > [ U(n,f) cross section
. . © JEND/HE-2007

section through the ratio 234U/235U, as: 2  _ REFIAEA

— Duran

OE7) - C(En)s- Ns - f(En)s 15
(En)5 :

O'(En)4 =0(kn)s @ — N
O(ER) - C(En)s - N4 - f(En)4
1 16l =y
* The recent work of Duran, Ventura et al. [4] el ]
combines the experimental n_TOF cross 05 s 1]
section ratios 209Bi/235U and 238U/23%U with [ T T W
updated intra-nuclear cascade MC ol——vivinl o+ oo L L
calculations. 0.1 1 10 100 1000

E_(MeV)

/y |IAEA Ref. up to 200 MeV

- In this work the 235U(n,f) cross section has been taken from — +
Duran, Ventura et al. up to 1 GeV

[4] |. Duran et al., EPJ Web of Conferences 146, 02032 (2017).
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Threshold Region

- Some resonance-like structures have < 1.4f
been observed in the threshold region that 1 o125 kgV

were claimed to correspond to B 1{ 310 keV
vibrational levels in the second/third wells. l

0.8
« Structures at 125 keV and 310 keV:

- The present data confirm the structures 06
reported in the work of James. 0.4
- The n_TOF data from Karadimos and 0.2 ‘
Paradela could not resolve in detail these 0 1
structures due to the low energy resolution 100 300 500 700 900
although they confirm their existence. E (keV)
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« Structures at 550 keV and 770 keV:

- The structures are confirmed up to 730 keV S 141 | | | | | | J | 24 &
© 550 keV / 29 O
by James and . however both are 1 o125 keV AL 5 g
above the rest of datasets. 310 keV l ' 185
- Large discrepancies with James at i ' 16 =
energies where the anisotropy is high. — 1.4
1.2
- The n_TOF data from Paradela could not 770 keV 1
resolve the structures in fine detail due to the — 0.8
low energy resolution. Good agreement - 0.6
found around 770 keV, where a fit of the < o 0.4
EXFOR anisotropy parameter was used to (1)0 900 0.2
correct the efficiency in that work. E_(keV)
1_3 — Present work
18 Karadimos (2014)
]-g ~—— Tovesson (2014)
15 »~— Paradela (2010)
1.4 Meadows (1978)
]:g == James (1977)
1) |+~ -+ Lamphere (1962)
0_; Vars o +~—— Behrens (1977)
0.8
0.7
. . 0.6 . . . . . .
400 450 500 550 600 650 0'%50 700 750 800 850 900 950 1000
E_(keV) E_(keV)
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. P | | | | 1T 11 | | | | L 2
Fast neutrons energy region S o4l - Presentwork '
o Karadimos (2014) ’ 8
_ 5 o | v Tovesson (2014) ML W, 118 g
* The opening of the (n,n’f) and (n,2n’f) ' + Paradela (2010) i i T =
channels produces large anisotropies 21— . Taﬁggv(vfgg%m) J , %
and increased cross sections. > Lamphere (1962) ) W 116
1.8+ Lisowski (1991) ' ’
» Behrens (1977) ; ol
- The data from James are systematically 1.6 fabhs o | W 1.4
lower in this energy region, where the M e
anisotropies are higher than one 1.4 o) ‘{'j‘m 'mi.”
' A * i 1.2
- The present data provide more accurate 1.24
cross sections in the fission chances 1 S S L1l
thresholds than the data from Paradela, due = 2.6
to the experimental anisotropies used in this 55 4
work to correct the efficiency.
2.2
2
— Present work
Karadimos (201 4)‘ 8 )
~—~ Tovesson (2014) | 6| 4 - §
«— Paradela (2010) /| . iSO
Meadows (1978)
—a James (1977)  |.2 (9%
~-+ Lamphere (1962) 4 e ob ESPPPUOYE PPN OO 00 0
— Behrens 1977 . . . . P . . . . LooL Ll
( ) 2 4 6 810 30 50 7090
E (MeV) 5.
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Evaluated cross sections

- The 234U(n,.f) cross section has been %_  __ ENDE/B-VII1
compared with the ENDF/B-VII.1 and 2~ JENDL-4.0

JENDL-4.0 evaluations up to 20 MeV.

- Large differences have been found in
the threshold region, where the
evaluations provide an average value 0.5
of the cross sections and, therefore the

structures are not resolved. 0 leadis

~60% with ENDF/B-VII.1 (at 310 keV)
~30% with JENDL-4.0 (at 310 keV)

* In the few MeV region the present
data are in closer agreement with
JENDL-4.0, and the data from ENDF/
B-VIl.1 are ~5% below them.

Esther Leal Cidoncha, FIESTA2017. Santa Fe, September, 2017. -16-
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Intermediate energy region = 22 1.6
° 5L S
- A considerable disagreement has been 14 2
found between the different datasets in this  1-8[" °§
energy region. 16 —1.2
- Only the data from Paradela reach 1 GeV, 14 1
however above 500 MeV it is not reliable. 12+
In that work the JENDL/HE-2007 evaluation —0.8
of the 235U(n,f) cross section was used as =
reference. 0.8 | | | | | | | | 0.6
200 400 600 800 1000
=3 : :
© 2] B ............ ................................... ...........
18l ___________ ____________________________________ _____________________________________ ___________
} $
168 " SITTTPORp TRV I TR + ............... TRTTIY + .............. + .......... ST +
T bt i
4 |19 WﬁfﬁM} H#H _____ S U S -
* * . . + .
Present work f *ﬁ g g g g g g -} t
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+ Paradela (2010)
. . 0_8 N
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Intermediate energy region

- A considerable disagreement has been
found between the different datasets in this
energy region.

- Only the data from Paradela reach 1 GeV,
however above 500 MeV it is not reliable.

In that work the JENDL/HE-2007 evaluation
of the 235U(n,f) cross section was used as
reference.

- In order to make an adequated comparison
it has been recalculated using as reference
the IAEA Ref + Duran et al.

Esther Leal Cidoncha, FIESTA2017. Santa Fe, September, 2017.
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Fission cross section

234U(n,f) results at En > 100 keV

N
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e Present work
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1000
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- The FFAD have been measured with a high energy resolution in the full angular range
providing more precise results than previous experimental data.

« Results of the 234U(n,f) FFAD are provided in this work for the first time above 15 MeV
covering the third chance region. In addition this is the first experimental measurement in the
full energy range up to 300 MeV.

- The 235U(n,f) FFAD and the anisotropy parameter has been calculated in the wide energy
range up to 300 MeV.

- 234U(n,f) cross section results are provided with better resolution in the RR than the fission
experimental data used in the evaluations.

- Two resonances have been found in the 234U(n,f) cross section in the RRR evaluated in
ENDF/B-VII but not in JENDL-4.0 and some resonances corresponding to Class-Il levels in
the URR, where the evaluations provide an averaged cross section.

 The 234U(n,f) cross section results in the threshold region allow to resolve in very fine detalil
the structures attributed to Class-Il and Class-Ill levels.

- Improved cross section data are provided in the fission-chances thresholds due to the
large anisotropies which have been experimentally obtained and included in the efficiency

calculation in this work.

- The present cross section data are being analized in the Resonance Region using the R-
Matrix code CONRAD in order to provide a theoretical description of the experimental data.

Esther Leal Cidoncha, FIESTA2017. Santa Fe, September, 2017.
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« The CONRAD* (COde for Nuclear Reaction Analysis and Dated Assimilation) R-Matrix
code is been applied to analize the RRR up to 1 keV in order to provide a theoretical

description of the experimental data.

1) Penetration factor (P,):
1.1) Resonance analysis with P, =1.

~— 25

20

15

‘©

>

% |
n

¢ d

* Developed at CEA/Cadarache

Esther Leal Cidoncha, FIESTA2017. Santa Fe, September, 2017.
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1.2) Resonance analysis with Py #1.

The penetration factor can be approximated by a Lorentzian function [5].

- The cumulative sum of I't has been S The parameters obtained from the fit
fitted to a cumulative Lorentzian have been used to calculate the
function. penetration factor.
R, A
S | f@/
25 AN L N I L L B L B L B Q , 1 T l T l T
U U i ¥ Ec=555.768 eV é*o/
- Cluster of Ec= (9
20— resonances —C 0.0005 [~ N
| =@ 0.0004 - —
15 |- —0.06 7 E i i
) 1 =
S = £ 00005 I=130.058 eV
10 |- \ —0.04 5 =
] ° @ 0.0002
i 1002 0.0001
I | A | |
0 0 0
0 100 200 300 400 500 600 700 800 9001000 0 200 400 600 800 1000
E (eV) E (eV)

Next step: CONRAD resonance analysis with the calculated Py #1.
[5] P. Tamagno, PhD. Thesis (2015).
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